[1] To investigate how the constitutive parameters prescribing the slip-dependent law for the shear failure of intact rock are affected by strain rate, we conducted a series of triaxial fracture experiments at a strain rate in the range from 10 À5 to 10 À7 /s in seismogenic environments using Tsukuba granite samples. The experimental results showed that the peak shear strength decreases modestly with a reduction in strain rate, according to a logarithmic law. The reduction rate tested at wet conditions was larger than at dry conditions. It was found that the maximum slip-weakening rate slightly increases with an increase in strain rate at wet conditions. This indicates that the mechanical instability of the shear failure process is slightly enhanced by an increase in strain rate. 
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Introduction
[2] The earthquake source at shallow crustal depths results from a shear rupture instability occurring on a preexisting fault characterized by heterogeneities. This does not necessarily mean, however, that the earthquake source is a simple process of frictional slip failure on a pre-cut fault; indeed, there are increasing amounts of convincing evidence that the earthquake source is a mixed process between frictional slip failure on a pre-existing fault and the fracture of initially intact rock. It is, thus, critical to understand constitutive properties of the shear fracture of intact rock, and thereby to formulate the constitutive law as a unifying law that governs both frictional slip failure and shear fracture of intact rock [Ohnaka, 2003] .
[3] The slip-dependent constitutive law for shear rupture is a unifying law that governs both frictional slip failure on a pre-existing fault and the shear fracture of intact rock [Ohnaka, 2003] , and hence we assume a slip-dependent law as the constitutive law for the shear rupture including earthquake sources. In the framework of the slip-dependent constitutive formulation, Kato et al. [2003] demonstrated that constitutive properties for the shear failure of intact rock vary with depth in the brittle and brittle-plastic transition regimes. It has not been investigated, however, how constitutive properties of the shear failure of intact rock are affected by strain rate.
[4] Although much effort has been devoted to investigating the effect of strain rate on the shear fracture strength of intact rock at dry and room temperature conditions [Masuda et al., 1988; Lockner, 1998 ], few attempt has been made to investigate how slip-dependent constitutive properties including the post-failure process depend on the rate of deformation in seismogenic environments [Wong, 1982] . Lockner [1998] deformed dry granite at two different strain rates of 10 À5 /s and 10 À7 /s; however, the constitutive relation obtained was for just before the onset of the localization of deformation. No systematic study on how the entire shear failure process, including the breakdown (or post-failure) process associated with the growth of macroscopic shear fractures in granite, is affected by strain rate in seismogenic environments has been done.
[5] The purpose of this paper is to investigate with laboratory experiments how the constitutive properties for the shear failure of intact granite are affected by the strain rate in seismogenic environments. In this paper, we will focus on the peak shear strength t p and the maximum slipweakening rate jdt/dDj max to discuss how the constitutive property depends on the strain rate.
Experimental Method
[6] Tsukuba granite from the Ibaraki Prefecture in central Japan was chosen for this study. It is a homogeneous rock with a nearly isotropic fabric, and the grain size ranges from 0.2 mm to 1.3 mm (coarser than Westerly granite). This rock has commonly been used in previous studies, and its modal analysis has been given elsewhere [e.g., Kato et al., 2003] . The blocks used for the present study had no visible mesofabric structure, and samples were cored and deformed in the same direction. Circular-cylindrical test samples (40 mm long and 16 mm in diameter) were prepared with an accuracy of <0.02 mm. To drive away air trapped in interstitial pores of the rock samples, the samples were vacuum saturated with distilled water. Full water saturation was attained after 5 days of immersion. As pore pressure medium, the distilled water was used.
[7] The cylindrical granite sample was placed in a 2 mmthick graphite sleeve of which strength is much lower than the granite. Since the graphite sleeve has a higher porosity, the sleeve was used to minimize any possible gradient in pore water pressure in the rock sample. The graphite sleeve also served as a buffer to prevent the silver jacket (a 0.3 mm-thickness tube covering the sample assembly and piston spacers) from rupturing. It was clearly demonstrated that dilatancy hardening is completely suppressed in the present experimental configuration, and the effective stress law holds for this Tsukuba granite even at a strain rate of 10 À5 /s [Kato et al., 2003] .
[8] A triaxial testing apparatus used in the present experiments is designed for stabilizing the post-failure process by enhancing the stiffness of the loading system coupled to both high-response servo-hydraulics and digital control system. A detailed description of this apparatus and experimental configuration has been given in an earlier paper [Ohnaka et al., 1997] . Both the confining pressure P c and the pore water pressure P p were servo-controlled to be constant. Temperature T was raised at a constant rate of 3°C/s to a pre-set value before axial load application. Experiments were performed at a strain rate in the range from 10 À5 /s to 10 À7 /s. To shorten the duration of the slowest experiment, the axial load was applied initially at the rate of 10 À5 /s up to approximately a one-half level of the peak shear strength, and thereafter the load was applied at the rate of 10 À7 /s up to the end of the run. This can be justified insofar as the elastic strain rate during the initial loading does not play a critical role in the eventual process of post-failure [Lockner, 1998 ].
[9] One run for the slowest experiments performed at a strain rate of 10 À7 /s takes about 60 $ 90 hours, during which time the frictional force exerted by the loading piston may possibly be disturbed by temperature fluctuations in the pressure vessel. If this were to happen, it would be better to measure the axial load inside the pressure vessel to avoid such a disturbance. We therefore made an in-vessel measurement of the axial load in the slowest experiments, by mounting a pair of strain gauges on the silver jacket at a distance of 60 mm from the center of sample just outside of the heat insulator [see Kato et al., 2003, Figure 1 ]. The strain gauges designed for strain-measurements at temperatures up to 250°C were used KYOWA-Dengyo. Temperature around the strain gauges was measured to be less than 150°C. The output of the internal load cell was calibrated against that of the external cell.
Experimental Results

Dependence of Constitutive Properties on Strain Rate
[10] The failure of intact rock occurs by shear faulting under compressive stress conditions. In order to obtain the constitutive relation for the shear failure, therefore, the failure strength has to be represented in terms of the resolved shear strength t along the macroscopic fracture surfaces as a function of slip displacement D. The slip displacement is defined here as the relative displacement between both walls of the fault zone. The fault zone may include integrated amounts of slip associated with the deformation of asperities, micro-cracking and local displacement between contacting gouge fragments. Hence, both the shear strength and the slip displacement (corrected for the elastic displacement of the specimen) used for the constitutive formulation are defined in a macroscopic sense [Ohnaka, 2003] .
[11] Figure 1 shows examples of the observed constitutive relations between t and D tested at strain rates of 10 À5 /s (broken curve) and 10 À7 /s (solid curve), in which the constitutive relations at the two different strain rates are compared at the ambient condition (P c , P p , T) = (270 MPa, 216 MPa, 270°C). In this figure, t p is the peak shear strength, and jdt/dDj max is the maximum slip-weakening rate during the breakdown (or post-failure) process. Since the post-failure process is stabilized in the present experiments, note that the value of jdt/dDj max does not depend on the stiffness (375 MPa/mm) of the loading system (Figure 1) . Note also that the stiffness of the loading system is not influenced by strain rate.
[12] It is found from Figure 1 that t p tested at the slowest rate of 10 À7 /s is roughly 10% weaker than at the strain rate of 10 À5 /s, and that jdt/dDj max tested at 10 À7 /s is smaller than at 10 À5 /s. This indicates that mechanical stability of the shear failure process is enhanced by a decrease in strain rate. We will discuss below in quantitative terms how the constitutive law parameters observed in the laboratory experiments vary with the strain rate at wet and dry conditions. The constitutive parameters evaluated in this study are listed in Table 1 with the experimental conditions. To check reproducibility, two duplicate runs were made at the strain rates of 10 À5 /s, 10 À6 /s, and 10 À7 /s under the condition (P c , P p , T ) = (270 MPa, 216 MPa, 270°C), and the results of these duplicate runs are compared in Table 1 . The uncertainties of the parameters were ±3% for t p , and ±8% for jdt/dDj max .
Peak Shear Strength T p
[13] To compare the dependence of t p on the strain rate, t p of intact granite at the strain rates of 10 À5 /s and 10
À7
/s is plotted as a function of the effective normal stress s n eff in Figure 2 , for data tested at wet conditions. Note that t p at the strain rate of 10 À7 /s is lower than at 10 À5 /s, and that the linear dependence of t p on s n eff is also observed at the strain rate of 10 À7 /s. The solid line in the figure shows the relationship between t p and s n eff below 300°C at the strain rate of 10 À5 /s calculated from the following equation [Kato et al., 2003, equation 9] 
SDE
where m p0 is the internal frictional coefficient (0.7), and C p0 is the cohesive strength (108 MPa).
[14] Figure 3a shows a plot of t p against the logarithm of the strain rate _ e for data tested at wet conditions, where t p has been normalized to the value at _ e = 10 À5 /s for each condition. We find from this figure that t p decreases modestly with a logarithmic decrease in _ e, and that confining pressure does not significantly affect the dependence of t p on _ e within the range of conditions tested. To quantify the effect of _ e on t p , we assume that t p is a logarithmic function of _ e, and that the effect of _ e is independent of temperature and effective normal stress s n eff below 300°C. Under these assumptions, t p can be expressed in terms of s n eff , and _ e as follows
where _ e 0 is the reference strain rate (10 À5 /s), and x is a constant. The value for x can be evaluated by using the present set of data on t p , s n eff , and _ e. The best-fit value of x = 0.048 ± 0.008 was evaluated from an iterative least squares method. The broken line in Figure 3a denotes the relation between t p and _ e determined from equation 2. Although the effect of _ e on t p is logarithmic, t p has linear dependence on s n eff below 300°C as shown in equation 2. This indicates that the effect of _ e on t p is secondary compared with that of s n eff .
[15] Figure 3b shows a plot of t p against the logarithm of _ e for dry samples, where t p has been normalized to the value for t p at _ e = 10 À5 /s. We notice from Figure 3b that t p for dry samples decreases modestly with a logarithmic decrease in _ e; however, the slope is lower than that at wet conditions. The best-fit value of x = 0.025 ± 0.01 was evaluated, and this value is as small as a half of that at wet conditions (broken line). This is consistent with previous data of laboratory experiments at room temperature by Lockner [1998] , who showed that the shear fracture strength of Westerly granite decreases by 2% per one order-of-magnitude decrease in the strain rate (Figure 3b ). This indicates that the effect of _ e on t p is larger at wet conditions than at dry conditions. This may be ascribed to the fact that the bond-breaking reaction is more enhanced by stress corrosion at wet conditions. 3.1.2. Maximum Slip Weakening Rate j j j jdT/dDj j j j max [16] The breakdown process becomes more stable as jdt/ dDj max decreases. The parameter jdt/dDj max can thus be a measure of the stability or instability of the breakdown process. It is therefore important to investigate how jdt/ dDj max depends on the strain rate. Figure 4a shows a plot of jdt/dDj max tested at wet conditions against the logarithm of _ e, where jdt/dDj max tested at each condition has been normalized to the value at _ e = 10 À5 /s. It is found from this figure that jdt/dDj max increases modestly with a logarithmic increase in _ e. This indicates that the mechanical instability of the shear failure process at wet conditions is slightly enhanced by an increase in _ e. In contrast, jdt/dDj max tested at dry conditions seems not to depend on _ e, and has roughly a constant value within the range in _ e tested (Figure 4b ). This suggests that the mechanical stability tested at dry conditions is not significantly affected by _ e.
Discussion
[17] Crack growth rate is enhanced at the crack tip in wet environments due to stress corrosion [e.g., Atkinson, 1984] . The present result that t p depends logarithmically on _ e is consistent with that of subcritical crack growth by stress corrosion. Thus, we have assumed that the subcritical crack growth is the prime cause for the rate-dependence of t p tested in the present experiments.
[18] The effect of _ e on t p can be rewritten equation 2 in terms of the natural logarithm of _ e as xlog(_ e/_ e 0 ) = xlog e Â ln(_ e/_ e 0 ). We have xlog e = 0.02 ± 0.004 from the substitution of 0.048 ± 0.008 for x. The value of x = 0.02 coincides with the value (of 0.012 $ 0.026) for the rate sensitivity of friction (this is what is called ''direct effect'' for the rateand state-dependent formulation) obtained for wet granite gouges at temperatures from 250°C to 300°C [Blanpied et al., 1995] . Further, Marone [1998] observed that the static frictional level decreased when samples were deformed at slower loading rates. This exactly agrees with the present result of the rate-dependence of t p . These results suggest that subcritical crack growth due to stress corrosion is the common mechanism occurring during deformation of intact rock and frictional sliding.
[19] The experimental fact that jdt/dDj max decreases with a decrease in _ e at wet conditions means that the shear failure stability is enhanced as _ e decreases. Although the operative mechanism for this is left for a future study, one possible mechanism may be physicochemical interaction between fresh fracture surfaces and water. This is suggested from the fact that the dependence of jdt/dDj max on _ e was not significantly observed at dry conditions. A longer time is required for the physicochemical process at a slower strain rate, which may result in the enhancement of stability as _ e decreases. The physicochemical mechanisms in hydrothermal environments may include dislocation glide [e.g., Kato et al., 2003] , solution-precipitation creep [e.g., Blanpied et al., 1995] , and/or growth of real contact area at asperity contact portions [Dieterich and Kilgore, 1994] .
Conclusion
[20] We investigated with laboratory experiments how slip-dependent constitutive properties are affected by strain rate in seismogenic environments. The present results show that the relation between peak shear strength and strain rate obeys a logarithmic law, and that the effect in wet environments is greater than that in a dry environment. The maximum slip-weakening rate tested at wet conditions increases with an increase in strain rate. This indicates that the mechanical instability of the shear failure process is slightly enhanced with increasing strain rate. 
